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3 4 which are reviewed in a forestry context by Uhde et al. (2015) and Pukkala (2008) , respectively, and 74 by Langemeyer et al. (2016) To integrate multiple ESs in forest management planning, the benefits provided by the different 79 services must be numerically described, assessed in the same scale and modeled according to 80 measurable forest attributes (Pukkala, 2008) . Although estimating the benefits in terms of monetary 81 values is common (Troy and Wilson, 2006; Nelson et al., 2009; Bottalico et al., 2016) , it may also be 82 criticized due to methodological heterogeneity that produces uncertainties in the obtained results 83 (see, e.g., D'Amato et al., 2016). Alternative methods build upon the Multi-Attribute Utility Theory 84 (MAUT), in which a utility (or priority or benefit) function is a mathematical transformation that 85 associates a utility with each alternative so that all alternatives may be ranked (Cohon, 1978) . Such 86 functions are most often used to estimate the preferences of a decision maker (e.g., Keeney and 87 Raiffa, 1976) . However, by quantifying all alternative forest management objectives in terms of the 88 utility functions, both the qualitative and quantitative objectives can be analytically evaluated and 89 compared with respect to the impacts on the overall and objective-specific utility (Kangas, 1993; 90 Pukkala and Kangas, 1993) . Utility functions that use forest mensurational parameters as predictors 91 have been formulated for forest planning situations including habitat (Kangas et al., 1993a; Kurttila 92 et al., 2002) , landscape (Kangas et al., 1993b; Pukkala et al., 1995) , or multiple ES related objectives 93 (Pukkala and Kurttila, 2005; Hurme et al., 2007; Schwenk et al., 2012) . Deriving utility functions with 94 spatial criteria based on Geographical Information Systems (GIS) has also been proposed for both 95 the MCDA (Store and Kangas, 2001 ) and optimization (Packalén et al., 2011) . 96 97 Information on the production possibilities may have been available for political decision making of 98 very large areas (e.g., Backéus et al., 2005) , but rarely in the operational (compartment) scale due to 99 5 the high data acquisition costs involved in conventional field inventories. Recent developments of 100 remote sensing (RS) technologies have brought spatially explicit estimates of various forest 101 inventory, structure and habitat related parameters available for vast areas (Tomppo et al., 2008a,b, 102 2014; Maltamo et al., 2014; Barrett et al., 2016) . For instance, generalizing field plot measurements 103 using coarse-or medium-resolution RS and other numeric map data, referred to as Multi-Source 104 National Forest Inventory (MS-NFI; Tomppo et al., 2008a) has been used to generate pixel-wise 105 (Tuominen et al., 2010) examples of using RS-based inventory data for the assessment of multiple ESs, we are not aware of 117 results that would allow formulating management prescriptions at the level of operational 118 management units (e.g., forest compartments). 119 120 In summary, even though RS-based data often describe the ESs as indirect proxies (Andrew et al., 121 6 landscape planning (de Groot et al., 2010) . In Europe, private forest owners hold 51% of the total 126 forest area (FOREST EUROPE, 2015) , this percent increasing towards northern Europe (Finland, 127 Norway, Sweden). The derived management plan should instruct the forest owner on which 128 silvicultural treatments to perform on individual forest compartments, typically 1.5-2 ha in size in 129
Finland (Koivuniemi and Korhonen, 2006) , to reach the overall objectives for the forest property. 130
Applying existing models (Table 1) to the RS-based inventory data would allow wall-to-wall 131 assessments of the provisioning potential of multiple ESs presented as a grid of pixels with a 132 fraction-of-hectare scale, i.e., in a considerably more detailed resolution than the current 133 operational compartments. This is expected to allow formulating management units that are more 134 efficient in utilizing the production possibilities of the forest compared to conventional stands with 135 fixed boundaries . In that case, essential questions are (i) to what degree do 136 the alternative ESs overlap in the same area and (ii) what are the trade-offs for selecting one ES over 137 another. 138
139
Our purpose was to perform a case study to provide an example of implementing decision analyses 140 of multiple ESs using grid-based forest inventory data. Particular aims were (i) to analyze the degrees 141 of overlap and spatial arrangements of the ESs prioritized to their most feasible locations; (ii) to 142 explain the occurrences of sites with a potential to provide multiple ESs with respect to forest 143 structure; and (iii) assess the degree of tradeoffs for an unconstrained optimal solution due to 144 decisions to preserve a fraction of the landscape to the production of selected ESs based on the 145 information obtained. The prioritization workflow and information sources are discussed based on 146 these experiences. The study area is located in the southern boreal forest zone (approximately 61.23° N, 25.11° E; the 153 map of the study area is presented as Figure A Our analyses were based on spatially identifying the level of supply of the ESs and prioritizing the 170 land use with respect to the ES with the highest supply. The models of Table 1 were applied to 171 produce pixel-wise proxies of the ESs, assuming those to convey the information required for the 172 analyses. In Table 1 , cultural services differ from the others, as the aim was to aggregately proxy the 173 most popular forest recreational activities in Finland (Sievänen and Neuvonen, 2011). Although 174 picking berries could principally be thought as a provisioning service, it is categorized as a 175 recreational forest activity since due to everyman's rights, berry picking does not provide a similar 176 market value for the forest owner than wood-based biomass, but the management of the forests 177 8 considerably differs between these services. Particularly, timber production is assumed to involve 178 intensive management, which cannot be applied without restrictions unless losing recreational 179 amenities. However, excluding clear-cutting, less intensive forestry may even improve these 180 amenities and similar management practices may be applied with respect to both scenic values and 181 berry yields (cf., Silvennoinen et al., 2002; Miina et al., 2016) . Although the selection and division of 182 the ESs (Table 1) may be further criticized, our analyses are expected to include the major ES 183 categories, which need to be distinguished in land use planning with respect to forest management. 184
185
The actual workflow involved four discrete steps described in detail in the following sections: 186 -Obtaining the forest inventory data for the ES proxies (Section 2.3), 187 -Computing the ES proxies (Section 2.4), 188 -Converting the ES proxies to the same scale for the prioritization (Section 2.5),
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Soil expectation value (SEV), i.e., the present value (€/ha) of the costs and revenues resulting from 258 timber production when the management rotations are expected to continue in perpetuity, was 259 used as the indicator of the pixel-wise timber production potential. The SEV was predicted using site 260 fertility, growing stock and operational environment (temperature, interest rates and prices) related 261 parameters as predictors in a model, which was fit based on average SEVs obtained from a very high 262 number of simulated rotations, in which the stand treatments were optimized for timber production 263 (Pukkala, 2005) . All other predictors except the number of trees per hectare were readily available in 264 the MS-NFI data, and its estimate was computed by dividing the total basal area by the mean 265 diameter, i.e., assuming that the resulting number of average-sized trees existed in a pixel. The 266 effective temperature sum was fixed to 1,300 degree days, but otherwise the SEVs were computed 
where R j () is a function measuring the representation of ES layer j in the set of remaining pixels s and 313 s minus pixel i; s, i ∈ S; w j is the weight specified for ES layer j and p is the BLP term (see below). The 314 pixel(s) with lowest δ are removed from the solution in each iteration and the priority value of the 315 pixel removed as n:th is obtained as n/N, where N is the total number of pixels. The final 316 prioritization maps were produced by removing 100 pixels at each iteration, as this accelerated the 317 computations but did not affect the performance of the prioritization based on the initial tests. 318
319
With respect to forest management, it may be feasible to aim at large treatment units, i.e., to 320 propose a joint management prescription for a group of pixels, even if the solution for one or few 321 pixels differs from this proposition. To examine the effects of diverging from the non-spatial solution 322 due to aggregating, the analyses were alternatively run by adding the marginal loss (Eq. 1) with a BLP 323 term: 324
(2) 325 where β is a user-defined parameter for the magnitude of the penalty and ∆(BL/A) is the change in 326 boundary length-area-ratio of the solution due to removing pixel i from the remaining set of pixels. If 327 the removal of the pixel in question reduced the boundary length, ∆(BL/A) received a negative value 328 and higher the value of β, the more the removal of such pixels was accelerated relative to their 329 locally computed marginal loss. We ran the analyses using β values of 0 (non-spatial analyses), 0.01, 330 0.02, 0.04, and 0.06 (spatial analyses). 331 332 14 All other ESs included in our analyses were composed of a single layer (i.e., j = J = w j = 1.0 in Eq. 1), 333 except biodiversity, which included altogether 20 layers (see Section 2.3.1.). The biodiversity layers 334 were weighted precisely according to the "Coarse with classes" workflow (see Appendix S1 of 335 Lehtomäki et al., 2015) . According to these weights, simultaneous occurrences of biodiversity 336 features increase the conservation value of the pixel depending on the site fertility and dominant 337 tree species. Each individual ES was prioritized in separate Zonation runs, yielding four maps with 338 priority values between 0 and 1 according to the range of values in the initial layers. All other ESs 339 were included in the runs with weights of 0.0, which did not influence the priority ranking but 340 allowed calculating some reporting features (see Section 2.5.). However, we also included all the ESs 341 in a single run to test balancing the allocation of the ESs in the entire landscape by considering their 342 joint occurrences during the prioritization (cf., Moilanen et al. 2011) . In this analysis, the weights of 343 the ESs were determined assuming that timber production was particularly harmful for the 344 provisioning of all other ESs. The SEV layer thus obtained a weight of -3, and all other ESs a weight of 345 1, totaling to 0. This analysis resulted in a priority map, in which the highest values indicated 346 suitability for the production of all other ESs and lowest values for timber production. Otherwise, the 347 priority values were interpreted according to MAUT, i.e., the ES with the highest priority value was 348 selected as the most suitable ES for the specific pixel. In addition to the distribution of the individual ESs, we were interested in whether the ESs 366 categorized in Table 1 occurred in same locations and whether the forest structure explained these 367 occurrences. For this purpose, we computed the total Ecosystem Service Potential (ESP) as: 368
where K was the total number of ESs (here 4) and p k,l the priority value of the k:th ES in pixel l. The 370 ESP index thus obtained values between 0 and 1, 1 indicating that all ESs had high priorities within 371 the pixel. We modeled the relationship between the ESP index and forest structural variables as a 372 logistic function: 373
where v was the forest structural variable considered as the predictor and a and b were model 375 parameters estimated separately according to different dominant species and site types using R (R 376 Core Team, 2016). We also split the continuous ESP to four classes indicating low to high 377 occurrences of the multiple ESs and analyzed the variation of forest structural attributes in these 378 classes. The classes were obtained according to the thresholds 0.25>ESP, 0.5>ESP≥0.25, 379 0.75>ESP≥0.5, and ESP≥0.75 and are denoted to in the following text as ESP 1 , ESP 2 , ESP 3 , and ESP 4 , 380 respectively. 381 382 16 Finally, we assessed the tradeoffs for optimal decisions due to allocating the provision of the ESs 383 according to the priority rankings. Among the ESs considered, only SEV and carbon produced 384 meaningful information when used as target functions in optimization, i.e., minimized or maximized. 385
On the other hand, requirements to retain a certain proportion of the forest for biodiversity or 386 recreation could be seen to constraint the optimal solution. It could particularly be assumed that no 387 SEV from timber production could be obtained when a pixel was assigned for biodiversity or 388 recreation, whereas the full value of the carbon storage was retained as if the pixel was managed for 389 this ES. Following this logic, we first computed a tradeoff curve indicating the Pareto optimal 390 production frontier by maximizing the SEV with the amount of carbon storage fixed to 1, 10, 20, …, 391 90, 99% of its total value. The optimality losses due to assigning sites with the highest priority for 392 biodiversity or recreation to carbon storage, regardless of their timber production potential, were 393 compared with the optimized curve. Figure 3 indicates that the ES values always reduced slower than the land 431 area, when the pixels were removed according to the priority ranking of the selected ES, whereas 432 the effects on the other ESs vary. Especially, a considerable proportion of biodiversity was lost, when 433 the pixel removal was prioritized according to the other ESs, and its value was preserved only by 434 18 considering biodiversity in the prioritization of the pixel removal. Prioritizing the pixel removal 435 according to recreation (Figure 3d ) produces an interesting case for biodiversity, as its performance 436 curve first sharply reduces, then stabilizes and finally results in the upper diagonal of the graph. 437
According to the models (Table 1) , old and mature stands produce high recreational values, but only 438 those on fertile sites are most important for biodiversity. Thus, the progress of the prioritization 439 from old and mature spruce forests to pine stands on poorer sites provides a credible explanation 440 for the shape of the performance curves in Figure 3 The degree of overlap of the most important 10% and 30% of the pixels of each ES is presented in 449 Table 3 , while Figure 5 depicts the spatial distribution of these overlaps for the most important 30% 450 of the pixels. Of the 10% and 30% most important sites for biodiversity, altogether 16.6-30.8% and 451 46.8-50.1%, respectively, overlapped with similarly prioritized sites of the other ESs (Table 3 ). The 452 respective figures were at the same level for recreation (25.5-30.8% and 45.5-52.5%), but higher for 453 carbon storage and timber production. Especially, the 10% and 30% of the most important sites for 454 carbon storage and timber production had a mutual overlap of 66.5% and 78.0%, respectively. When 455 the services that formed the recreation layer, i.e., berry yields and visual amenity, were prioritized 456 separately, the individual services had a lower or an equal level of overlaps with biodiversity than 457 the composite layer. The sites suited for bilberry picking had a higher overlap with sites suited for 458 carbon storage and timber production, while the most important sites for cowberry picking had 459 practically no overlaps with any other ESs except a low degree of coincidences with those modeled 460 19 as visually pleasant. Figure 5 adds the information of Table 3 in that the sites important for  461 biodiversity and recreation, which had no overlaps with other services, were not scattered but often 462 formed aggregates of several pixels. The most important sites for carbon storage and timber 463 production were especially overlapped in both the eastern and western parts of the study area 464 ( Figure 5) . Allocating the landscape to the management of the multiple ESs according to the local priorities of 486 the ESs always resulted in sub-optimal choices compared to the optimized production of carbon and 487 timber. Figure 8 illustrates the degree of tradeoffs due to constraining the production on a given 488 percent of the landscape and particularly an increasing proportion of tradeoffs for optimized timber 489 production according to a higher fraction of landscape allocated for alternative ESs based on the 490 priority maps. A numerical example produces more information on the magnitude of the tradeoffs 491 (below, sites with priority ≥ 0.9 are considered most important for biodiversity or recreation): 492  90% of the landscape for timber production: When the remaining 10% was selected from the 493 Pareto optimal production frontier, altogether 76.6% or 80.2% of the most important sites 494 for biodiversity or recreation, respectively, were lost. When the same 10% fraction was 495 selected based on the priority maps, the SEV was 97.4% or 96.6%, respectively, of the 496 optimized solution. 497  10% of the landscape for timber production: When the remaining 90% was selected from the 498 Pareto optimal production frontier, altogether 7.7% or 10.4% of the most important sites for 499 biodiversity or recreation, respectively, were lost. However, selecting the 10% timber 500 production sites as those least important for biodiversity or recreation resulted in an SEV of 501 only 54.5% or 53.6%, respectively, of the optimized solution. 502 503 Allocating the land for the ESs with the highest priority per pixel as in Figure 1 resulted in one of the 504 least effective solutions (Figure 8) . Although the example suggests that the joint production of the 505 ESs cannot be effectively decided based on the local priorities, it is noted that weighting the 506 opposing ESs properly might provide a compromise between the use of the priority maps and global 507 optimization. For instance, using the balanced weighting (cf., Section 2.4.; Figure 4 ) to allocate a half 508 of the landscape for timber production and the other half for the other ESs, only altogether 4.7% or 509 7.8% of the most important sites for biodiversity or recreation, respectively, were lost while 510 21 providing as much as 89.8% of the SEV compared to the solution, in which the timber production 511 was optimized retaining 50% of the most important sites for carbon. The presented approach integrated RS-based forest inventory data and expert models for spatially 518 explicit decision analyses of the ESs listed in Table 1 . Our analyses were, to a high degree, based on 519 using indirect proxies, which were assumed to spatially identify the areas with a high supply of the 520
ESs. The use of the proxies is criticized in the literature (Eigenbrod et al., 2010) . Especially, a number 521 of other ecosystem services may benefit from or depend on biodiversity-related characteristics 522 (Harrison et al., 2014) , the related linkages and criteria being currently incompletely understood (de 523 Groot et al., 2016). The use of the indirect proxies may be seen as a weakness of our approach, 524 whereas the MAUT-based valuation, which allowed a direct use of these proxies without the 525 requirement for conversion to monetary values, is expected to reduce the uncertainties between 526 the decisions. Unlike in the study of Sani et al. (2016) , we obtained this information without expert 527 (or stakeholder) involvement using existing models. Whether the preferences of the stakeholders 528 toward the ESs were known, incorporating them in the analyses would have been straightforward 529 based on the techniques reviewed by Uhde et al. (2015) and Pukkala et al. (2014) . The preferential 530 information would further allow solving conflicts between the ESs with highest overlaps such as 531 using the forest for timber production or carbon storage. As an alternative to applying models of 532 Table 1 and re-scaling the values, the total ES potential (cf., Figure 6 ) could readily be modeled as a 533 sigmoidal function, which could principally be operated at the level of individual trees similar to the 534 functions for determining the conservational or economic potential as in Lehtomäki et al. (2015) and 535 Vauhkonen and Pukkala (2016) , respectively. 536 22 537 According to our results, the assessment and prioritization of the ESs produced by a typical 538 Scandinavian boreal forest (Table 1) can be implemented based on existing models and publicly 539 available forest inventory data. However, our results also suggest that by roughly preserving a 540 certain percentage of the sites with highest priority from commercial forest management may not 541 be an appropriate strategy with respect to a joint production of multiple ESs. According to the trade-542 off analysis (Figure 7) , prioritizing ESs based only on local considerations using the priority maps may 543 lead to high levels of tradeoffs without guaranteeing adequate levels of potential global criteria such 544 as timber production for the entire planning area. Rather, Figure 7 should be interpreted as the 545 interval of ES production levels that are possible, from which the most preferred one(s) according to 546 the decision makers' preferences could be determined using techniques such as goal programming 547 or penalty functions (Pukkala, 2008) . Nevertheless, the workflow described in this paper produces 548 potentially valuable information on the overlaps and tradeoffs for these processes. 549 550 To obtain prioritized ES maps, we followed a similar workflow that was earlier used to plan nature 551 conservation (Lehtomäki et al., 2009 (Lehtomäki et al., , 2015 and alternative land uses (Moilanen et al., 2011) , when 552 maintaining high conservation value was the main criterion for the land use prioritization. The 553 biodiversity prioritization maps are assumed to correspond those obtained in another region in 554
Finland (Lehtomäki et al., 2015) , because the same workflow was replicated as closely as possible. 555
When the production potential of the alternative ESs was considered, altogether 17-49% of the 556 most important sites for managing biodiversity were found to overlap with sites evaluated as equally 557 important for the provisioning of alternative forest ESs. However, the overlaps between biodiversity 558 and other ESs were lower compared to recreational use (overlaps of 26-53% with other ESs) and 559 especially timber production and carbon storage (67-78%). In an earlier study, Moilanen et al. 560 (2011) found a considerably lower degree of overlaps between alternative ecosystem services, when 561 biodiversity conservation, carbon storage, agricultural value and urban development were 562 23 prioritized in Great Britain. Yet, higher overlaps could be expected when focusing specifically on 563 alternative forest ESs. In this sense, our results can be compared to Triviño et al. (2015) , who 564 considered only timber and carbon, but observed a similar level of overlaps between these ESs in 565 mature and spruce dominated forest stands. 566
567
Our results are based on a landscape of altogether 7,500 ha. The values in the priority ranking maps 568 vary between 0 and 1 according to the range of the ES proxies (Table 1) timber and carbon storage. The curves were produced selecting the timber production sites in 961 different ways as the X% of the least important pixels, where the character symbols indicate X in 962 10% intervals. "Optimized" refers to the optimized selection of the timber production sites with a 963 constraint to retain X% of the most important sites for carbon storage. "Selected" and "Balanced" 964 refer to the corresponding selection according to the priority maps derived for biodiversity or 965 recreation (curves overlap) and using the balanced weighting (Section 2.4.), respectively. The 966 asterisk (*) shows the position of the most suitable ES selected according to the highest priority 967 value per pixel (cf., Figure 1 ). 968 969 970
